Purpose Previous studies suggest that solar UV exposure in early life is predictive of cutaneous melanoma risk in adulthood, whereas the relation of BRAF mutation with sun exposure and disease prognosis has been less certain. We investigated the associations between BRAF V600E and NRAS Q61R mutations and known risk factors, clinicopathologic characteristics and clinical outcomes of melanoma in a case series of primary invasive cutaneous melanoma from the Nurses' Health Study (NHS). Methods Somatic BRAF V600E and NRAS Q61R mutations of 127 primary invasive melanomas from the NHS cohort were determined by pyrosequencing using formalin-fixed, paraffin-embedded block tissues. Logistic regression analyses were performed to detect the associations of mutations with melanoma risk factors, and Kaplan-Meier method was used to examine associations between mutations and survival. Results The odds ratios for harboring BRAF V600E mutations were 5.54 (95 % CI 1.19-25.8, p trend = 0.02) for women residing in states with UV index C 7 versus those residing in states with UV index B5 at 30 years of age. Patients with BRAF V600E mutations tended to have shorter melanoma-specific survival when compared to patients with wild type at both loci (median survival time 110 vs. 159 months) (p = 0.03). No association was found between NRASQ61R mutation and melanoma risk factors or melanoma-specific survival. Conclusions BRAF V600E mutations in primary cutaneous melanomas were associated with residence in locations with medium and high UV indices in mid-life. BRAF V600E mutation may be associated with an unfavorable prognosis among melanoma patients.
Introduction
Cutaneous melanoma is a common form of cutaneous malignancy arising from the pigment cell of the skin, and its incidence is increasing in the USA as well as in other parts of the western world [1] [2] [3] . An individual's risk of developing melanoma depends on both constitutional and environmental factors. The constitutional characteristics found to be associated with increased melanoma risk include fair skin color, red hair color, increased number of atypical nevi, sun exposure sensitivity, and tanning ability [4] [5] [6] [7] , whereas solar ultraviolet (UV) radiation is an established environmental risk factor [8] . However, melanoma is a heterogeneous disease involved complex risk factors including genetic alterations, and previous studies support the concept that cutaneous melanoma may develop through several divergent pathways [9, 10] . Findings during recent years suggest that the genetic profile of cutaneous melanoma, with a particular emphasis on oncogenes BRAF and NRAS, is actively involved in these causal pathways [11] [12] [13] .
BRAF mutations have been reported to occur in more than 60 % of cultured melanoma cell lines and 50 % of primary human melanomas, with a majority in or around codon 600 in exon 15 (V600E) [14, 15] . NRAS mutations have been reported to occur in 15 % of human melanomas, mainly in codon 61 in exon 2 (Q61R) [15, 16] . Although BRAF and NRAS mutations were rarely found to occur in the same melanomas [17] , both mutations have been shown to activate the RAS-RAF-MEK-ERK mitogen-activated protein kinase (MAPK) pathway and thus may play important roles in cancer initiation and progression [18, 19] . Furthermore, since the discovery of activating BRAF mutation in cutaneous melanoma, it has become a favored target for drug design [20] , and several previous studies have tried to correlate BRAF as well as NRAS mutations with constitutional and clinical features of melanoma [6, 7, 17, 21] . Specifically, evidence from previous epidemiological studies suggest that solar UV exposure in early life is predictive of cutaneous melanoma risk in adulthood [22] [23] [24] , whereas the relation of BRAF mutation with sun exposure has been less certain [12, 25, 26] .
In the present study, we aimed to study the relations of the most common somatic BRAF (V600E) and NRAS (Q61R) mutations with a number of constitutional and environmental risk factors, including UV exposures associated with geographic variation in early-to mid-life, and clinical features of melanomas based on a case series from the Nurses' Health Study (NHS), a female cohort which has been prospectively followed for over 30 years since 1976.
Materials and methods

Study participants
The participants in the study were confirmed melanoma patients with primary invasive cutaneous melanoma from the Nurses' Health Study (NHS) cohort. The NHS was established in 1976 when 121 701 married, registered, female nurses aged 30-55 years and residing in the USA at the time of enrollment responded to a baseline questionnaire that included questions about their medical history and lifestyle risk factors. Eligible participants for the present study were diagnosed with a first incident cutaneous invasive melanoma between 1 June, 1978 and 30 August, 2004 . Hospitals across the USA where these participants were diagnosed with melanoma were asked for the participants' pathological reports and histopathology specimens (diagnostic slides and/or melanoma recuts) being sent. The study was approved by the Institutional Review Board of Brigham and Women's Hospital, and each participant's consent was obtained before her histopathology specimen was sent to our institution.
We received both pathological reports and formalinfixed, paraffin-embedded (FFPE) block tissues from a total of 210 melanoma patients. Each FFPE block was first cut for one 4-lm hematoxylin and eosin stained section and reviewed by a pathologist for ascertainment of primary invasive melanoma. Of these samples, 59 were excluded after histopathologic review based on ineligible diagnosis or the absence/insufficient of melanoma tissue for laboratory analysis. Eligible tumors (n = 151) were sent to laboratory for BRAF V600E and NRAS Q61R genotyping, and 127 tumors were successfully genotyped for both mutations.
Phenotypic characteristics and sun exposure history in early-to mid-life Information on phenotypic characteristics and sun exposure history of the eligible melanoma patients was abstracted from the NHS cohort database. Phenotypic characteristics include family history of melanoma in first-degree relatives, natural hair color at age 21, the number of moles with a diameter C3 mm on left arm from shoulder to wrist, propensity to tan as a child/adolescent, skin reaction to sun exposure for 2 h or more as a child/adolescent, and the number of severe or blistering sunburns. We also asked about locations of residence (US state) at birth and at 15 and 30 years of age. The UV index is a method used to estimate UV radiation reaching the earth's surface and is important for effects on human skin on a non-cloudy day [23] . Based on the mean UV index in August in North Each FFPE block with confirmed diagnosis of primary invasive melanoma was recut for four 10-lm sections for DNA extraction. These sections were deparaffinized using xylene and purified with ethanol (100 %). Qiagen QIAamp DNA FFPE Tissue Kit (Qiagen, Strasse, Germany) was used for DNA extraction and quantified using NanoDrop Spectrophotometer (ThermoScientific, Wilmington, DE). PCR was performed using Promega GoTaq Flexi DNA Polymerase (Promega, Madison, WI) and 109 Buffer A from Fisher Scientific Taq DNA Polymerase (Fisher Scientific, Fair Lawn, NJ). Amplified PCR products were checked for quality with 1 % agarose gels (Fisher Scientific, Fair Lawn, NJ). Pyrosequencing of the BRAF and NRAS mutations was performed using the Qiagen PyroMark Q24 platform (Qiagen, Strauss, Germany). Based on the pyrosequencing results, each of the 127 tumors was assigned one of the following genotype: BRAF V600E mutation, 31 patients (24.4 %); NRAS Q61R mutation, 31 patients (24.4 %); and wild type at both loci, 72 patients (56.7 %). Among tumors with mutations, 7 tumors (5.5 %) had mutations at both loci. For analytic purposes, the 7 patients with both mutations were examined separately, and therefore, the final analysis included 120 subjects.
Statistical analysis
Associations of melanoma clinicopathologic characteristics, risk factors and clinical outcome with mutations were evaluated using the 3 major genotypes (BRAF V600E mutation, NRAS Q61R mutation, and wild type at both loci). Fisher's exact test was used to examine associations between mutation status and the following factors: histological subtype, Breslow thickness \1 mm, Clark level, and body site. The associations between genotype and ordinal variables (patient age and Breslow thickness in mm) were determined using the Kruskal-Wallis test.
Odds ratios (ORs) and 95 % confidence intervals (CIs) for harboring BRAF V600E mutation or NRAS Q61R mutation associated with melanoma risk factors were calculated in separate logistic regression models in SAS software (version 9.2, SAS Institute, Cary, NC) with adjustment for age as a continuous variable. Trend tests were performed using medians of different categories (number of severe or blistering sunburns and number of moles with a diameter C3 mm on left arm) or by modeling each variable as a single categorical variable (natural hair color, propensity to tan as a child/adolescent, skin reaction to sun exposure as a child/adolescent, and UV indices in early-to mid-life).
In addition, overall survival was computed from the date of diagnosis until the date of death, and women alive at the end of the study were censored at the date of last follow-up (January, 2013). Melanoma-specific survival (MSS) was identified when the diagnosis of melanoma was determined to be the primary cause of death. Survival curves were drafted using the Kaplan-Meier method, and the log-rank test was used to evaluate the statistical difference between groups. Significant level was set at p \ 0.05 (two sided) for all statistical analyses.
Results
The eligible melanoma patients (n = 120) had an overall median age at diagnosis of 61.0 years (range 37-82 years). Table 1 shows the clinicopathologic characteristics of the melanoma patients. Patients with only NRAS Q61R mutation appeared to have a higher median age at diagnosis (66 years) compared to patients with BRAF V600E mutations alone (64 years) and wild type at both loci (61 years). The percentages of histological subtypes were 77.5 % superficial spreading melanoma (SSM, n = 93), 12.5 % nodular melanoma (NM, n = 15), 4.2 % lentigo maligna melanoma (LMM, n = 5), 2.5 % acral lentiginous melanoma (ALM, n = 3), and 3.3 % unclassified melanoma (n = 4). Among the tumors, 59.2 % had Breslow thickness \1.00 mm (n = 71), 33.3 % had thickness C1.00 mm (n = 40), and 7.5 % unspecified (n = 9). Tumors harboring BRAF V600E mutation were more likely to occur on the trunk, whereas tumors harboring NRAS Q61R mutation were more likely to occur on the lower extremity (Fig. 1) . However, none of the above differences between melanoma patients in different genotype subgroups reached statistical significance. Table 2 shows the associations between BRAF V600E and NRAS Q61R mutations and phenotypic characteristics and geographic residence variation in early-to mid-life.
Generally, there were no clear associations between mutations and phenotypic characteristics. Compared to melanoma patients residing in states with UV index B5 in mid-life (30 years of age), the ORs for harboring BRAF V600E mutation were 1.82 (95 % CI 0.43-7.59) and 5.54 (95 % CI 1.19-25.8) for patients residing in states with UV index of 6 and C 7 (p trend = 0.02), respectively. Melanoma patients residing in states with higher UV index at 15 years of age also appeared to have higher ORs for harboring BRAF V600E mutation, though the estimates were not statistically significant. In contrast, there is no significant association between NRAS Q61R mutation and residence at any time point.
Forty-three melanoma patients died during the follow-up, and 19 died of melanoma. The median survival time was 110 months (range 4-366 months) for melanoma patients with BRAF V600E mutation, 128 months (range 13-365 months) for patients with NRAS Q61R mutation, and 159 months (range 11-379 months) for patients with wild type at both loci. The MSS showed an increasing trend over the above three genotypes (p = 0.039, log-rank test for trend, Fig. 2 ). In particular, the difference between MSS of melanoma patients with BRAF V600E mutation and patients with wild type also reached statistical significance (p = 0.03, log-rank test).
Seven tumors were found to harbor both BRAF
V600E
and NRAS Q61R mutations (Supplementary Table S1 ). The median age at diagnosis was 61 years for melanoma patients with both mutations. Other features of the both mutated tumors were not distinct from those of the other three genotypes. Six patients remain alive at the end of follow-up, with a median survival time of 145 months since melanoma diagnosis. SMM superficial spreading melanoma, NM nodular melanoma, LMM lentigo maligna melanoma, ALM acral lentiginous melanoma a Counts (percentage) may not sum to the total number of study subjects (100 %) due to rounding Fig. 1 Influence of genotypes on body-site distribution of the melanomas (n = 118). ''S1'' indicates head and neck; ''S2'' indicates trunk (back, shoulder, chest, abdomen, and buttock); ''S3'' indicates upper extremity (arm, elbow, and wrist); and ''S4'' indicates lower extremity (thigh, knee, leg, ankle, and foot) 
Discussion
In the present study, we provide a comprehensive analysis on the association between BRAF V600E and NRAS Q61R mutations and clinicopathologic characteristics, conventional risk factors, and clinical outcome of primary cutaneous melanomas in a case series from the NHS. Our results showed that melanoma patients with BRAF V600E mutation were characterized by residence in locations with medium and high UV indices in early-to mid-life when compared with melanoma patients with wild type at both loci, suggesting that the risk to develop BRAF V600E mutation in participants with primary invasive melanoma is affected by UV radiation exposure received in early-to mid-life. Furthermore, patients with BRAF V600E -mutated melanomas appeared to experience shorter survival as compared to patient with wild type at both loci, suggesting an unfavorable prognosis associated with the mutation.
Although evidence from previous studies have identified solar UV exposure as the main environmental risk factor of melanoma [8, [22] [23] [24] , evidence on the association between BRAF mutation and sun exposure has been less certain. A previous study found a high mutation frequency (59 %) in cutaneous melanomas without chronic sun-induced damage and much lower mutation frequencies (11-23 %) in melanomas on mucosal surfaces, soles, sub-ungual sites and palms, suggesting that sun exposure may be necessary for the development of BRAF mutation [11] . Another study also found that the fraction of alleles carrying BRAF V600E substitution was variable but strongly associated with sun exposure [27] . However, older subjects after accumulating sun exposure sufficient to produce chronic sun-induced damage in the surrounding skin also exhibit lower BRAF mutation frequencies, arguing against a simple positive link between UV exposure and BRAF mutation [11, 12] . Alternatively, there is evidence showing that BRAF mutations are more likely to develop in tumors located on skin subject to intermittent sun exposure [13] , whereas NRAS mutations are more commonly found in tumors on skin with continuous sun exposure [17, 21] . In line with the previous evidence, our data also suggest that melanomas harboring BRAF V600E mutations tended to distribute more commonly on skin subject to intermittent sun exposure (trunk), and melanomas harboring NRAS Q61R mutations tended to distribute more commonly on skin with continuous sun exposure (lower extremity). In addition, we found that BRAF V600E mutation is associated with residence in locations with medium and high UV indices in early-to mid-life (15 and 30 years of age). Thomas et al. [26] found a high BRAF V600E mutation rate associated with UV exposure (based on residential history) before age 20 but not UV exposure after age 30, and Liu et al. [28] also reported a higher BRAF V600E mutation rate among melanoma patients who had high sun exposure as compared to those who had low sun exposure in childhood. It has been suggested that error-prone replication of UV-induced DNA damage could underlie the acquisition of BRAF mutations in melanocytic tumors [29] . Therefore, our results together with previous findings suggest that BRAF V600E mutations may emerge in melanocytes at younger ages due to earlyto-mid-life UV exposure, and these mutated cells may have a high potential to develop melanoma in subsequent adulthood.
We found a similar overall prevalence rate of somatic NRAS mutation (24.4 %, 31/127) and a lower rate of overall BRAF mutation (24.4 %, 31/127) as compared to previous studies [6, 17, 26] . Interestingly, we also found that a small portion of melanoma patients had both mutations (n = 7) in our samples. Previous studies generally found little overlap between BRAF and NRAS mutations [15, 17, 26] . For example, a previous study found 3 patients with both BRAF and NRAS mutations among 233 primary melanomas [17] . Several reasons may help to explain the lower prevalence of BRAF mutation and relatively high prevalence of both mutations in the present study. First, we focused on the most common BRAF mutation in or around codon 600 in exon 15 (V600E) and may miss a few other BRAF mutations (e.g., V600 K). However, BRAF V600E mutation accounts for more than 80 % of all BRAF mutations [14, 30] . Second, we used data on a case series of melanoma patients from a longitudinal cohort study, which is different from sporadic patients used in other studies. Third, the different technologies used in the present study (pyrosequencing) and previous studies (e.g., PCR/singlestrand conformation polymorphism analysis) to detect the mutations may also account for the difference rates in part. The NRAS mutation is generally found to be less common than BRAF mutation in cutaneous melanoma [15, 31] , and individuals with NRAS mutations are characterized by older age at diagnosis [21, 26] . Similarly, our melanoma patients with NRAS Q61R mutations also had an older median age at diagnosis, though the difference between groups was not statistically significant. Due to a limited number of patients with both mutations, we were unable to identify a clear characteristic profile for these patients. Nevertheless, more advanced techniques including singlecell digital PCR, next generation sequencing, and immunestaining with mutation-specific antibodies could assist in determining whether co-existent mutations are present in individual melanomas and single cells with a higher accuracy in future studies.
Previous reports on the associations between BRAF and NRAS mutations and survival of melanoma patients have been inconsistent. A previous study reported shorter survival associated with BRAF mutation among patients with metastatic melanomas [32] , and another study also reported poor prognosis associated with NRAS mutation among patients with primary melanomas [33] . However, other studies also reported a null relationship [17, 21, 34] . In the present study, patients with BRAF V600E -mutated melanomas appeared to experience shorter melanoma-specific survival when compared to melanoma wild type at both loci (p = 0.03). BRAF mutation has become a favored target for drug design since its discovery in cutaneous melanoma [20] , and recent clinical studies have identified several drugs which may improve survival among melanoma patients with BRAF-mutated tumors [35, 36] . The unfavorable prognosis of patients with BRAF-mutated melanomas suggests that drug development targeting the mutated BRAF locus would be necessary to improve the survival of melanoma patients among this subgroup.
Our study has several limitations. The present analysis used data on a case series of primary melanomas from a cohort of women and thus may limit the generalizability of the results to men. Our sample size is relatively small due to difficulties in obtaining the melanoma tissues in a prospective study setting over a long duration as well as the strict criteria in tissue processing. In addition, we did not measure sun exposure directly and used state of residence as a surrogate for sun exposure. Participants' real sun exposure may vary due to differences in personal activities (e.g., vacationing and traveling between areas with different intensities of sun exposure) which may not be captured by the measure of UV index. However, our previous study has demonstrated an increasing risk of squamous cell carcinoma, a form of skin cancer which is more likely to be sun exposure dependent than melanoma, across the gradient of UV index [23] . Therefore, case misclassification is possible but would not likely to be substantial and bias the observed high odds ratios. Finally, a few less common mutations (e.g., BRAF V600K ) were not examined in the study, and we did not validate the results of pyrosequencing by other technologies and therefore may lead to potential mutation misclassification. However, previous studies have demonstrated that pyrosequencing is an efficient method for detecting point mutations in BRAF and NRAS with excellent concordance to PCR/single-stand conformation polymorphism analysis and conventional DNA sequencing of identical samples [21, 37] .
In conclusion, our data provide evidence that the risk of developing BRAF V600E mutation in primary cutaneous melanoma is associated with residence in locations with high UV index in mid-life, patient with BRAF V600E -mutated melanomas tended to have shorter survival time after diagnosis when compared to patients with wild type at both loci (BRAF V600E and NRAS Q61R ). These findings are supportive of sun exposure prevention in early-to mid-life as well as drug development targeting the mutated BRAF locus. However, due to the relatively small sample size in our study, future studies are warranted to replicate these findings.
